Contrasting intrainterstadial climatic evolution between high and middle North Atlantic latitudes: A close-up of Greenland Interstadials 8 and 12 by Sanchez Goñi, M.F. et al.
 Contrasting intra-interstadial climatic evolution between high and mid North 
Atlantic latitudes. A close-up of Greenland Interstadials 8 and 12.  
María Fernanda Sánchez Goñia,*, Amaelle Landaisb, Isabel Cachoc, Josette Duprata, Linda 
Rossignola,  
a EPHE, UMR-CNRS 5805 EPOC, Université Bordeaux 1, Avenue des Facultés, 33405 
Talence, France, e-mail: mf.sanchezgoni@epoc.u-bordeaux1.fr; jmduprat@orange.fr; 
l.rossignol@epoc.u-bordeaux1.fr 
b IPSL / Laboratoire des Sciences du Climat et de l'Environnement IPSL CEA CNRS UMR 
1572, Bât. 712 / Orme des merisiers 91191 Gif-sur-Yvette cedex, France, e-mail : 
amaelle.landais@lsce.ipsl.fr 
c
 GRC Geociències Marines, Dept. Estrat. Paleont. i Geoc. Marines Facultat de Geologia, Universitat 
de Barcelona C/ Martí Franques s/n 08028 Barcelona (Spain), e-mail: icacho@ub.edu 
 
* Corresponding author. Tel.: +33 5 40 00 83 84; Fax: +33 5 56 84 08 48;  
e-mail: mf.sanchezgoni@epoc.u-bordeaux1.fr 
 
  
Abstract 
Three high resolved pollen and sea surface temperature records from the Iberian margin 
(36°N-42°N) reveal the local evolution of vegetation and climate associated with the rapid 
climatic variability of Marine Isotope Stage 3. The comparison of the climate at these mid 
latitudes with δD and d-excess from Greenland ice cores shows that the north-south climatic 
gradient underwent strong variations during the long GIs (Greenland Interstadials) 8 and 12. 
After the northern hemispheric rapid warming at the GS (Greenland Stadial)-GI transition, the 
trend during the first part of the GI is a Greenland cooling and an Iberian warming. This 
increase of the North Atlantic climatic gradient led to moisture transportation to Greenland 
from mid-latitudes (lightest d-excess) and to a drying episode in Iberia. The subsequent 
temperature decrease in Greenland and Iberia associated with the precipitation increase in the 
latter region occurred when the major source of Greenland precipitation shifted to lower 
latitudes (d-excess increase). 
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Introduction 
 The millennial climatic variability of the last glacial period (Dansgaard-Oeschger 
events, hereafter DO events) has been evidenced first by the ice isotopic profile performed on 
Greenland ice cores [Dansgaard et al., 1984] and then in marine cores of the North Atlantic 
regions [Bond et al., 1993]. More recently, numerous analyses in continental and marine 
archives have revealed the large northern hemisphere extent of this millennial variability 
[Voelker, 2002]. In particular, a number of marine pollen sequences retrieved in the Iberian 
margin and covering Marine Isotopic Stage (MIS) 3 [Roucoux et al., 2005; Sánchez Goñi et 
al., 2000, 2002; Combourieu-Nebout et al., 2002] have shown the general synchroneity 
between marine and terrestrial responses in the western Iberian region to the DO climatic 
variability and, therefore, a dynamic equilibrium between ocean, vegetation and atmosphere 
during rapid climatic shifts. GSs, defined as intervals of low (ice)/high (sea surface water) 
δ18O values during the last climatic cycle, whether associated or not with local iceberg 
discharges were related to steppe development and cold SST (Sea Surface Temperatures) 
while GIs, episodes of high (ice)/low (sea surface water) δ18O values, were contemporaneous 
with oceanic warming and the expansion of Mediterranean (in the south) and Atlantic (above 
40°N) forests.   
 So far, the Greenland record is often taken as a reference for a Northern Hemisphere 
climatic variability. Even if the twenty five DO events with the rapid transitions between 
stadials (generally cold and dry) and interstadials (generally warm and wet) can be identified 
in different eastern North Atlantic and western Mediterranean marine [e.g. Shackleton et al., 
2000; Sanchez Goñi et al., 2008; Martrat et al., 2004] and European [Genty et al., 2003] 
archives, regional differences should be highlighted. As an example, we have shown that the 
strongest warming during GIs 19, 12, 11 and 8 in Greenland do not correspond with the 
 
 maximum expression of the Mediterranean climate (warm, wet winter and dry summer) which 
occurred during GIs 16-17, 8 and 7 not with the maximum in temperature and moisture in the 
Atlantic region at DO 14 and 12 [Sánchez-Goñi et al., 2008]. 
 Similarly, when scrutinizing the details of the DO events, some strong regional 
variations have been highlighted. As an example, von Grafenstein et al. [1999] have noted a 
strong contrast during GI 1 (~14.8 ka) between a stable temperature in central Europe and the 
gradual cooling trend in Greenland revealed by the δD or δ18O isotopic curves. Similarly, 
Genty et al. [2006] have shown a warming trend during the same period in southern France 
and northern Tunisia from speleothem analysis. More recently, the interpretation of the 
combined measurements of δD and δ18O in the GRIP ice core in term of temperature changes 
of the evaporative ocean led to a similar conclusion: the relatively low latitude ocean 
providing water to central Greenland shows a flat temperature evolution during GIs 19, 12, 8 
and 1 contrasting with the decrease in Greenland temperature [Jouzel et al., 2007]. Such 
different behaviors have been interpreted as an increasing cross-North Atlantic climate 
gradient during GI driven by the east- west and southern migration of the polar front from an 
East Greenland coastal position.  
The previous leading studies have however some limitations. First, von Grafenstein et 
al. [1999] and Genty et al. [2006] did local studies only focused on GS 1 during deglaciation 
which can be affected by many particular processes such as large ice sheets decay and thus a 
general deglacial reorganization of the European and northern African climates. Second, a 
temperature change of the evaporative oceanic region reconstructed by water isotopes 
analyses in ice cores is not necessarily induced by a temperature change of the ocean but can 
be due to a change in the location of the evaporation region. Thus, the constant surface 
temperature of the evaporative regions deduced from the water isotopic measurements in the 
GRIP ice core over GIs is either linked to a constant temperature of the surface ocean at fixed 
 
 latitude or to a southward shift of the evaporative region associated with a general decrease of 
the surface ocean temperature. In order to further test the regional contrast during GIs, we 
focus here on two large GIs associated with DO events 8 and 12 following Heinrich events 
(H) 4 and 5, respectively during MIS 3, i.e. during a period of relatively small changes in ice-
sheet size. We will therefore present two new and highly resolved palaeoclimatic records, 
MD95-2042 and MD99-2331, of temperature and precipitation in the southwestern European 
margin and the adjacent borderlands. These records along with the one already published from 
the Alboran Sea (core MD95-2043) [Sanchez Goñi et al., 2002] will be compared with the 
Greenland temperature record inferred from the GRIP δD record and oceanic source 
temperature inferred from the GRIP δ18O and δD records. This comparison will allow us to 
discuss the mechanisms underlying the contrasting climatic trends observed between 
Greenland and the mid-latitudes of the eastern North Atlantic and western Europe following 
Greenland warming events.  
 
2. Present-day environmental setting 
2.1. Climate and vegetation 
The spatial pattern of the mean annual precipitation on Greenland has been simulated 
by the AGCM ECHAM-4 model [Werner et al., 2001]. The simulation shows that the main 
precipitation sources for Greenlandic coastal regions are the surrounding polar seas (annual 
mean SST ≤ 10°C) while the mid-latitudinal and subtropical Atlantic regions (annual mean 
sea surface temperatures, SST, between 10°C and 25°C) and the North American continent 
are the two major source regions of water to central Greenland (Figure 1). The main transport 
direction from North Atlantic water masses is from the east and can be related to the Iceland 
low [Werner et al., 2001].  
 
 Iberia is the westernmost European peninsula and is characterized at present by two 
distinct biogeographical regions: the Mediterranean (~40°N-36°N) and the Atlantic (~40°N- 
42°N) regions (Figure 1). The climate of both regions is strongly influenced in winter by the 
North Atlantic Oscillation (NAO) which is defined as the pressure gradient between the 
Icelandic Low and the Azores High. Strong gradients, positive mode of the NAO, determine 
winter dryness in Iberia and high rainfall levels in northern Europe while weak gradients 
produce the southward displacement of the westerlies bringing moisture to Iberia at expenses 
of lowering precipitations in northern European latitudes [Hurrell, 1995; Trigo et al., 2004]. 
In summer, in contrast, strong anti-cyclonic cells develop over the sub-tropical eastern 
Atlantic Ocean, producing the characteristic dry season in the western Mediterranean region 
[Rodwell and Hoskins, 2001]. 
At latitudes above 40°N, these atmospheric configurations result in a wet climate 
throughout the year, with annual precipitations (Pann) ~1000 mm, and a mean annual 
temperature of  10°C allowing the development of the Atlantic forest [Ozenda, 1982] mainly 
composed at low elevations of deciduous Quercus (oak). In the Mediterranean region, 
precipitation is concentrated in autumn and winter. Cool winters (minimal winter 
temperatures ranging between 5 and -1°C) and hot, dry summers (Pann<600 mm) promote the 
development of Mediterranean forest made up of Pinus, evergreen and deciduous Quercus 
along with thermophilous elements (Olea, Phillyrea, Pistacia and Cistus) in the lowlands 
[Blanco Castro et al., 1997]. 
 
2.2. Oceanography and sedimentation processes in the Iberian margin 
The hydrological structures and currents as well as the sedimentary processes of the 
western Iberian margin, from which cores MD95-2042 and MD99-2331 have been collected, 
are thoroughly described in Naughton et al. [2007]. This region is dominated at the surface by 
 
 the southern branch of the North Atlantic Drift. Sediment supply, including pollen grains, is 
mostly derived from the Douro and Miño-Sil rivers in the north, and from the Tagus river 
through canyons and by offshore filaments in the south. The detailed comparison of modern 
pollen spectra from the uppermost sediments of the Ria de Vigo (mouth of the Miño river) 
and that of the top of core MD99-2331 shows that their pollen content is similar. The same 
similarity is observed between the modern pollen sample from the locality of Barreiro (Tagus 
estuary) and those from the top of core MD95-2042 [Naughton et al., 2007]. Experimental 
studies have shown [e.g. Peck, 1973; Heusser and Balsam, 1977; Heusser, 1985] the primary 
importance of the fluvio-marine sedimentation of pollen grains in the marine realm. 
Therefore, pollen grains in the sediments of deep-sea cores MD99-2231 and MD95-2042 were 
most likely recruited by the streams of the Miño-Sil and Douro basins and the Tagus river 
from the vegetation colonizing the related hydrographic basins, respectively  [Naughton et al., 
2007]. Air-borne pollen input was certainly of minor importance due to the predominant 
North Atlantic westerly wind direction in this region. 
In the Alboran Sea, the westernmost part of the Mediterranean basin, the less dense 
Atlantic water crosses the Strait of Gibraltar forming the upper layer which flows towards the 
eastern Mediterranean Sea [La-Violette, 1986]. Sedimentary supply close to the site of core 
MD95-2043 indicates that the main proportion of lithogenic particles reaching this site is 
related with the strong riverine input which characterizes the torrential rain regime in 
southeastern Spain [Fabrès et al., 2002]. Other studies show clear evidence for an association 
between sedimentation of pollen and fine mineral particles in marine depositional 
environments [Peck, 1973]. We consider, therefore, that the main source area of the pollen 
preserved in core MD95-2043 is southeastern Iberia though the continuous record of Cedrus, 
a native tree of the Atlas mountain chain, indicates that some amount of pollen from northern 
Africa is also incorporated in the sediments of the Alboran Sea potentially by aeolian 
 
 transport as the present-day sedimentation at the site of core MD95-2043 is dominated by 
river input from the north.   
 
3. Material and methods 
3.1. Marine cores 
Cores MD95-2042, MD95-2043 and MD99-2331 have been extensively studied for 
the interval 50-27 ka (thousands of years before present) [e.g. Shackleton et al., 2000; Sánchez 
Goñi, 2000], the last 50 ka [Cacho et al., 1999; Fletcher and Sanchez Goñi et al., 2008], and 
the last 25 ka [Naughton et al., 2007], respectively. These studies based on ice rafted debris 
counts, isotopic and magnetic measurements and foraminifer and alkenone-derived analyses 
reveal the impact of H events and DO events in the SST and vegetation evolution over 
northwestern and southern Iberia according to the analysis of pollen grains from the same 
sample set. So far, however, the precise evolution of the vegetation and climate of these 
regions within a GI has not been discussed in detail partly because of the lack of enough 
resolution in previous studies. We present here, for the first time, the detailed succession of 
vegetation and terrestrial climate of the north and southwestern regions over MIS 3 (60-27ka), 
including a higher resolution of the published interval of MD95-2042 (50-27ka), along with 
the record of winter and summer SST from the analysis of foraminifer assemblages of the 
latter core.  
Eighty eight and eighty five samples were analysed for pollen in the interval 
encompassing MIS 3 in cores MD95-2042 and MD99-2331, respectively. The resolution of 
the analysis varies between 2 cm and 12 cm, with the highest resolution for the sections 
corresponding to GIs 12 and GI 8 (100 to 400 years). The preparation technique follows the 
protocol established at the UMR EPOC, Bordeaux 1 University (http://www.epoc.u-
bordeaux.fr/) and is similar to that used in our previous works. 
 
 The analysis of foraminifer assemblages was performed with slightly higher resolution 
than that applied for the pollen counting. February and August SST values were estimated 
applying the Modern Analogue Technique (MAT) transfer function from the database of 
Pflaumann et al. [1996] improved during the MARGO project [Kucera et al., 2005] to the 
planktic foraminiferal assemblages.  This MAT uses a database including 862 present-day 
foraminifer assemblages distributed over the North Atlantic Ocean. For cores MD95-2042 and 
MD99-2331, the average estimation error for February and August SST is ±1.2 °C and 
±1.5°C, respectively.  
 
3.3- GRIP isotopic curves 
The Greenland GRIP ice core has been retrieved in 1992 at Summit. δ18O 
measurements were then performed on 55 cm length samples in 1993 [Dansgaard et al., 
1993] and the corresponding profile of δD obtained in 1995 [Masson-Delmotte et al., 2005; 
Jouzel et al., 2007]. Ιt has been shown that although δD or δ18O records indicate the past 
temperature variations, no quantitative estimates of temperature can be obtained from these 
records in Greenland especially for the last glacial period [Jouzel, 1999]. The d-excess is a 
second order parameter defined as d-excess = δD – 8*δ18O [Dansgaard, 1964]. Simple 
isotopic models [e.g. Johnsen et al., 1989; Ciais and Jouzel, 1994] have suggested a strong 
link between d-excess and the temperature of the evaporative ocean, hereafter Tsource. 
Superimposed to the dependency of δD on local temperature, hereafter Tsite, and of d-excess 
on Tsource, these models have shown that δD is also influenced by Tsource and d-excess 
influenced by Tsite. However, combining δD and d-excess measurements with simple isotopic 
models enables one to decipher the Tsite and Tsource evolutions [e.g. Vimeux et al., 2001; Stenni 
et al., 2001]. 
 In order to retrieve a record of Tsite and Tsource for GI 8 and 12 from the combined 
measurements of δD and d-excess (Figures 2A), we followed the same method as described 
by Masson-Delmotte et al. [2005b]. We deduced quantitative and δD-independent estimates 
of Tsite changes over the transition between GSs and GISs  with a method based on δ15N and 
δ40Ar measurements in the air trapped in ice cores, ([Landais et al., 2004] for GI 12, 
[Severinghaus et al., 2003] for GI 8). Then, we used an isotopic model of Rayleigh distillation 
 
 [Ciais and Jouzel, 1994] tuned for the GRIP site [Masson-Delmotte et al., 2005] to quantify 
the influence of Tsite and Tsource on δD and d-excess. After inversion, we obtained 
reconstruction of Tsite and Tsource as depicted on Figure 2B. Comparisons of Tsite and Tsource 
reconstructions with δD and d-excess show that the general evolution inferred from δD and d-
excess during GSs and GIs remains unchanged while the transition between a GS and an GI is 
more marked in Tsite than in δD and less marked in Tsource than in d-excess. Thus, in the 
following, we confidently interpreted the δD and d-excess changes over the DO events of MIS 
3 in term of changes in Tsite and Tsource, respectively. 
 Note that temperature reconstruction from ice proxies are derived from both water 
and air isotopes. The use of air isotopes permits to quantify the local temperature changes and 
does not depend of sources of water, seasonality of precipitation, altitude nor sea-level 
changes. Moreover, combining δD and d-excess permits to remove the trend due to changes in 
the source of water in the evolution of the site temperature deduced from δD. Finally, when 
comparing site temperature reconstructed by air isotopes on the one side and by a combination 
of δD and d-excess on the other side over a DO event, an excellent agreement is obtained 
[Landais et al., 2004b] so that we believe that the site temperature reconstructions presented 
in this paper are rather robust. 
 
 
3.4. Chronology 
The age model of the western Iberian marine cores MD95-2042 and MD99-2331 is 
based on a number of calibrated radiocarbon dates and the stratigraphical correlation of 
warming episodes in marine and terrestrial environments with DO events [Sánchez-Goñi et 
al., 2008] (Figure 3). The chronology of core MD95-2043 is derived from that of Cacho et al. 
[1999]. However, it has been slightly modified for the interval 50-40 ka which now is aligned 
to the western Iberian margin cores. Moreover, the layers identifying the H events in these 
cores are strong stratigraphical markers permitting the establishment of a reliable correlation 
between sites. One additional marker derives from the identification in the two western 
Iberian margin cores of a change in the coiling ratio of Globigerina hirsuta from the left to the 
right within GI 14 (52.8 ka). The chronology of GRIP excess and deuterium records derives 
 
 from the revised GRIP timescale (SS09sea) of Johnsen et al. [2001]. The ice and marine 
chronologies differ by around 500 years in average in the intervals encompassing GIs 12 to 9 
and GIs 8 to 5. This mismatch is likely the result of the different chronologies, GISP2 and 
SS09sea, applied to marine and ice archives, respectively, on the interval 47-31 ka.  
 
4- New results from pollen analysis 
 Figure 4A and B display the detailed pollen percentage diagrams of the MIS 3 
interval with selected taxa from cores MD95-2042 and MD99-2331 (for larger scale versions 
of A and B see supplementary material). Additionally, we have calculated pollen 
concentrations for these western Iberian margin cores and drawn the curves in the same 
Figure 4. The pollen concentration profile from core MD95-2043 (Alboran Sea) is published 
in Sanchez Goñi et al. [2002].  The comparison between these pollen concentration profiles 
and the respective pollen percentage curves of Mediterranean and Atlantic forests shows that 
there is no parallelism between them. This indicates that the observed trends in the percentage 
curves and, therefore, in the derived climate changes are independent from pollen input 
variations.  
In order to facilitate the interpretation of the pollen percentage diagrams, we have 
established a pollen zonation following the definition by Birks and Birks [1980]. A pollen 
zone is defined as a body of sediment with a consistent and homogeneous fossil pollen 
content which is different from that preserved in the adjacent sediment bodies. In general, a 
pollen zone includes more than one pollen sample but certain zones of our diagrams have 
been established on the basis of a single sample. Increasing the sampling resolution of these 
particular intervals should confirm the identification of these one sample-based pollen zones.  
In the MD95-2042 pollen diagram, twenty seven pollen zones have been identified 
which for the interval between 48 ka and 28 ka are almost the same as those published in 
 
 Sánchez Goñi et al. [2000]. Uneven pollen zones MD42-3-1 to MD42-3-23 are characterised 
by relatively high percentages of deciduous Quercus, Betula, Mediterranean trees (evergreen 
Quercus and Olea) and shrubs (Pistacia, Cistus and Phillyrea) along with the increase of 
Ericaceae (heather). These zones reveal Mediterranean forest expansions and, therefore, 
interstadial periods, i.e. warm and dry summers but humid winters. In contrast, even pollen 
zones MD42-3-2 to MD42-3-26 identify episodes of semi-desert expansion dominated by 
Artemisia, Chenopodiaceae and Ephedra, taxa defining the Mediterranean steppe and, 
therefore, cold and winter dry climate in southwestern Iberia during stadial periods. In this 
region, transitions from stadial to interstadial periods of the last glacial are defined by 
increases of ~5 to 30% in Mediterranean forest pollen content. Zones MD42-3-25 and 27, 
marked by the development of heathlands at expenses of semi-desert formations, are also 
considered as interstadial periods though the Mediterranean forest cover remains reduced. 
Ericaceae needs at least four months of mean temperatures above 10°C while the forest in 
temperate latitudes requires a longer period of warmth with a growth period of four to six 
months, and cool but mild winter of three to four months [Polunin and Walter, 1985]. These 
zones approaching the last glacial maximum indicate episodes of substantial increase of 
moisture but weaker warming than those of previous interstadials. Direct correlation of 
uneven pollen zones with marine proxies (Figure 5) confirms that they correspond to GIs 17 
to 3. Interestingly, GIs 17-16 and 8 reveal intervals with the maximum development of 
Mediterranean trees and shrubs but relatively weak development of Ericaceae in comparison 
with that observed during GIs 14 and 12. Because Ericaceae species require high atmospheric 
humidity [Polunin and Walter, 1985], GIs 17-16 and 8 indicate the maximum expression of 
the Mediterranean climate at those times with annually less rainfall than GIs 14 and 12.  
The pollen record from MD95-2043 reveals a similar pattern than that of core MD95-
2042, confirming that the climate during GI 8 had a more Mediterranean character than that of 
 
 GI 12 and 14. However, the respective semi-desert and Mediterranean forest formations were 
more developed in the southeastern part of Iberia than in the southwestern part of this 
peninsula and, a minor proportion of Ericaceae colonised the borderlands of the Alboran Sea 
during MIS 3. An east-west precipitation gradient, similar to that of the present-day, occurred 
in Iberia independently of the ice-sheet size [Sánchez Goñi et al., 2002].  
The pollen analysis of the northern Iberian core MD99-2331 reveals an alternation 
between steppe-dominant vegetation (Calluna, Ericaceae, Poaceae, Taraxacum-type and 
Helianthemum) and Atlantic forest expansion (mainly deciduous Quercus and Betula) with 
Pinus development. Uneven pollen zones MD31-3-1 to 23 reveal interstadial periods the 
warmest of which are represented by zones MD31-3-5 and MD31-3-7. Even pollen zones 
MD31-3-2 to MD31-3-22 detect stadial periods. In northwestern Iberia, the stadial-interstadial 
transitions are marked by increases of 5 to 30% in the Atlantic forest pollen percentages. The 
comparison between pollen and marine proxies (Figure 5) shows that, excluding GI 15 which 
is not clearly expressed in the Atlantic pollen record, these repeated expansions of the Atlantic 
forest correspond with GIs 17 to GI 3. Among the stadial periods, zones MD31-3-6, MD31-3-
12 and MD31-3-22 are characterised by the highest percentages of Calluna indicating the 
coldest and wettest stadials in northwestern Iberia as this genus colonises the mires of the 
present-day Boreal vegetation located above 60°N [Polunin and Walter, 1985]. These coldest 
periods on land are contemporaneous with the H 5, 4 and 3.  
     
5- Discussion 
5.1. Land-sea correlation along the Iberian margin and relation to Greenland MIS 3 
variability.  
Figure 5 shows the direct correlation between marine and terrestrial climatic indicators 
from the three Iberian margin cores compared with δD and d-excess records. The Greenlandic 
δD (Tsite) curve permits identifying the succession of GIs and GSs on the sequence of DO 
 
 events. It shows that the GS-GI transition involved rapid (in less than 100 years) and abrupt 
(8-16 ºC) increases of Tsite [Huber et al., 2006; Masson-Delmotte et al., 2005] followed by an 
stepwise cooling trend for all the GIs. 
At lower latitudes, GIs were associated with the development of forest and expansion 
of heathlands in Iberia thus characterizing warm and wet episodes. They also correspond to 
relatively high SST in the Iberian margin (~20°C in summer and 12°C in winter in the south; 
16°C in summer and 10°C in winter in the north). In contrast, the d-excess (Tsource) record 
shows lower values during GIs thus suggesting either colder oceanic temperature at mid 
latitudes or a northern migration of the evaporative region. Since, colder SST at intermediate 
latitudes  during GIs are not supported by our marine data and other records from North 
Atlantic mid-latitudes [Sachs and Lehman, 1999; Vautravers et al., 2004], we better associate 
the lower d-excess values to a northward shift of the evaporative source [Masson-Delmotte et 
al., 2005]. GSs are in turn synchronous with steppe development, hence cold and dry 
conditions, in Iberia and cold SST offshore. Based on the same argumentation as above, we 
attribute the high values of d-excess observed during GSs to a southern source of moisture for 
Greenland during the GSs as compared to GIs.  
Notable differences can be observed in the amplitude of the vegetation changes 
associated with the DO climatic variability in the different records. The Mediterranean 
locations show maximum values, higher than 20%, in forest development during GIs 7, 8 and 
16-17 coinciding with minima in precession while the maximum development, amplitude 
changes higher than 20%, of the Atlantic forest (above 40°N) occurred during GIs 12 and 14 
when obliquity is at a maximum. This different character of the GIs is not detected in the 
Greenlandic δD record in term of the amplitude of individual GIs. All the long GIs recorded 
in Greenland (GIs 17-16, 14, 12, and 8) are associated with significant vegetation signals in 
the low latitude marine cores, but the response is very variable according to the region. 
 
 Additionally, some of the most prominent vegetation signals are not necessarily associated 
with a long lasting GI (i.e. GI 7). These observations indicate that orbital parameters modulate 
the impact of the glacial DO events and provide a strong regional character to this global 
climate variability (Sánchez Goñi et al., 2008). 
 
5.2. Intra-Interstadial climatic evolution during GIs 8 and 12 
 
In order to analyse in detail the climatic evolution within a GI, we have chosen two 
long GIs, 8 and 12. Both GIs present significant vegetation, marine and Greenland signals. 
Figure 6 displays zooms on the intervals 48-40 ka and 40-30 ka encompassing GIs 12 and 8, 
respectively. According to the evolution of the δD and d-excess records, these two GIs have 
been divided in four sub-intervals (a-d). Phase (a) includes the transition in the d-excess 
values between GS and GI, lasting ~100 years, and the maximum values in the δD. Phase (b) 
covers the beginning to the middle of the GI: δD decreases slowly thus indicating a decrease 
of local temperature while d-excess is rather stable around its minimum value. Phase (c) 
covers the middle to the end of the GI, when δD continues its slow decrease while d-excess 
significantly increases. Phase (d) covers the transition between the GI and GS and it is marked 
by a concomitant decrease of δD and increase in d-excess within a few centuries. 
 In the Iberian pollen records we can also distinguish the four main phases described 
above. During phase (a) all pollen records show a transition from steppe environments (GS) to 
woodlands (GI) that in some cases occurred extremely rapidly (100-200 years for GI 8 in the 
Mediterranean region). This interval was also associated with a strong increase in moisture-
dependent species (Calluna and Ericaceae). Interestingly, none of the pollen records reached 
the maximum quotes of change during this first phase. During phase (b), Mediterranean and 
Atlantic forests reached their maximum development thus indicating the warmest episode in 
 
 Iberia during GIs 12 and 8. This phase is also associated with the minimum values of Calluna 
and Ericaceae identifying a concomitant decrease in rainfall in this region. The pollen analysis 
of core MD95-2039 located in the western Iberian margin at 40°N also shows that the 
maximum warmth occurred ~1000 years after the onset of GI 12 and 8. The same trend is 
observed for GI 8 at site ODP 976 in the Alboran Sea, located further west than core MD95-
2043. The low resolution of the interval encompassing GI 12 at this site precludes us to detect 
any particular climate tendency. During this phase (b), SSTs display, excluding the northern 
site during GI 12, the highest values at the three sites (arrows in Figure 5), hence indicating the 
warmest period offshore Iberia. Surprisingly, this observation is not consistent with alkenone-
SST reconstructions from site ODP 977 located close to core MD95-2043. This site does not 
show an increase in SSTs towards the middle of GIs 12 and 8 [Martrat et al., 2004]. In contrast 
to ODP 977 and supporting the general pattern, alkenone-SST reconstructions from core 
MD01-2443 [Martrat et al., 2007], a twin core of MD95-2042, shows the highest SST in the 
middle of GI 8 though GI 12 shows the same trend as the northwestern record (MD99-2331). 
During phase (c) a contraction of the Mediterranean and Atlantic forests along with an increase 
in heathlands occurred indicating cooler and wetter conditions. The transition between GI and 
GS (phase d) is marked by the collapse of Mediterranean and Atlantic forests being replaced 
within ~500 years by semi-desert and steppe formations in the south and in the north, 
respectively.   
Independently of the timing of the onset of GIs due to the different age models of 
marine and ice archives, the comparison of the shape of the palaeoclimatic curves from the 
Iberian margin cores with those from Greenland ice cores permits the description of the 
mechanism linking the different climatic characteristics of the two regions during major warm 
phases.  
 
 Phase (a) marked by the sudden increase in Greenland temperature is very probably 
associated with a strong northward transport of heat stored in the eastern tropical Atlantic 
Ocean pushing the polar front to high latitudes. In addition to the resumption of the 
thermohaline circulation (THC) [Broecker, 1988], this transport is clearly associated with an 
atmospheric component as can be seen from the total reorganisation of the water cycle depicted 
by our data: shift from dry to wet conditions in Iberia and northward shift of the moisture 
source for the Greenland precipitation. Phase (b) depicts a dissymmetric evolution between low 
and high latitudes. The slow decrease of temperature in Greenland probably results from the 
subsequent melting of ice (sea-ice or ice-sheet) leading to a slow reduction of the heat transport 
towards high latitudes, probably associated with AMOC (Atlantic Meridional Overturning 
Circulation) evolution after the strong heat pulse marking the beginning of the GI. This local 
cooling can also be viewed as a southward shift of the polar front. This cold wave, however, 
remains confined to relatively high latitudes. Indeed, our data show that the Iberian region has 
a growing forested cover and increasing temperature over this period. Moreover, the stable d-
excess indicates that large quantity of moisture can still be exported from relatively high 
latitudes as in the beginning of the GI implying sufficient heat input. GIs 8 and 12 (b) are thus 
characterized by a stronger climatic gradient between mid and high latitudes than the beginning 
of the GI (phase a). This is also nicely seen in our data by the maximum in the forest cover 
expansion and minimum of Ericaceae percentages revealing temperature increase and 
precipitation lowering in Iberia in the middle of phase (b). This scenario evokes the positive 
mode of the NAO, i.e. a strong pressure gradient between high and low latitudes directing the 
westerlies and the associated moisture towards northern latitudes [Hurrell, 1995; Trigo et al., 
2004]. Such climatic pattern triggers the displacement of the westerlies towards northern 
Europe favouring the transportation of water from low to high latitudes and thus the observed 
building of northern ice sheets during GIs [Rohling et al., 2008]. Interestingly the direct 
 
 correlation between the benthic foraminifer δ18O curve and the pollen record from core MD95-
2042 shows that during GI 8 the forest development in Iberia is concomitant with the increase 
in δ18O values though this is less clear during GI 12 (Figure 6). The benthic δ18O record 
integrates the signal of global sea level changes, deep water mass temperature and changes in 
local hydrography. The detailed analysis of the DO variability in deep water properties from a 
core located close to MD95-2042 shows relatively steady deep warm conditions across the GIs 
[Skinner et al., 2007].  The benthic δ18O enrichment along the GIs could reflect a built up of 
the ice-sheet [Rohling et al., 2008] but a substantial part of this signal is associated with major 
changes in the local deep water hydrography related to AMOC dynamics [Skinner et al., 2007]. 
Therefore, our own data indicate without any chronological ambiguity, that the warming trend 
in the Iberian margin and the adjacent landmasses occurred at the same time as changes in 
AMOC intensity and potentially ice growing in the high latitudes of the northern hemisphere. 
The third GI phase (phase c) depicts a concomitant decrease in the temperature from 
Greenland, the Mediterranean and Atlantic Ocean while the Tsource indicates a warming of the 
evaporative regions (Figure 2). This can be described as a forward shift of the polar front 
toward lower latitudes driven by the increase of ice-sheets in the high latitudes and slowing 
down of the AMOC. Because temperature in mid latitudes decreases during this period, the 
increase of d-excess can only be attributed to the southward displacement of the evaporative 
source regions because of the polar front shift. Note that, during this period the climatic 
gradient between high and low latitudes is reduced thus decreasing the intensity of the ocean-
atmosphere transport toward high latitudes. The observed increase of precipitations in Iberia 
during this phase confirms the reduction of the North Atlantic pressure gradient, similar to the 
negative mode of the NAO, leading to dryness in northern Europe. Finally, the transition from 
GI to GS (phase d) is less abrupt than the onset of the DO event (some centuries in Greenland). 
It follows the slow decrease of the north-south gradient (phase c) and probably indicates a 
 
 drastic reduction of the ocean-atmosphere transport of heat and humidity towards high 
latitudes.    
 
6. Conclusion 
 New high resolution pollen counting data from the subtropical and mid latitudes of 
Iberia over MIS 3 allow us to scrutinize the evolution of vegetation and climate in the 
subtropical / temperate latitudes of the North Atlantic during GIs and to draw a parallel with 
water isotopic records in central Greenland ice cores. For the two large DO events 8 and 12, 
our study reveals strong variations in the north-south climatic gradient during the related GIs. 
After the short-lasting GS-GI transition, Greenland slowly cools down and its precipitation is 
fed by relatively high latitudes water basins at constant temperature and Iberia experiences a 
warming and drying episode contemporaneous with apparent changes in the AMOC and ice-
sheet growth in the high latitudes of the northern hemisphere. This scenario suggests the 
development of a strong pressure gradient during the middle of the GI between high and low 
latitudes leading to an intense transport of moisture from mid to high latitudes that can be 
interpreted as an analogue of the present-day positive NAO pattern. Then, the subsequent phase 
at the end of the GI is a general decrease in high and low latitude temperature associated with 
an increase in Iberian precipitation evoking the climatic patterns associated with the more 
negative mode of the NAO, hence decreasing the mid to high latitude moisture transportation 
and preceding the transition to the GS. Additional high-resolution multiproxy studies in other 
regions affected at present-day by the NAO are needed to constrain the glacial configuration of 
Low and High pressure centres in the North Atlantic region. 
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 Figure captions 
 
Figure 1 – Location of the GRIP ice core and the marine sequences discussed in the text. 
Black line indicates the limit between the Mediterranean and Atlantic climatic regions 
[Polunin and Walter, 1985]. Dashed red line delimiting a light blue surface between roughly 
15°N and 55°N indicates the present-day main evaporative sources of precipitations in central 
Greenland [Werner et al., 2001]. 
 
Figure 2 – A. Record of δD (blue) and d-excess (magenta) over GIs 8 and 12 from the GRIP 
ice core [GRIP community paper, 1993; Masson-Delmotte et al., 2005; Jouzel et al., 2007]. 
Both proxies are expressed in V-SMOW. B. Reconstruction of relative variations in Tsite 
(ΔTsite, blue) and relative variations in Tsource (ΔTsource, magenta) over GIs 8 and 12 from the 
δD and d-excess data displayed on A. Moving averages (5 points) are displayed in black. 
 
Figure 3 – Age versus depth model for the three cores discussed in this study. 
 
Figure 4 – A. Pollen percentage diagram with selected taxa for the section of core MD95-
2042 corresponding to MIS 3, and total pollen concentration curve. B. Pollen percentage 
diagram with selected taxa for the section of core MD99-2331 corresponding to MIS 3, and 
total pollen concentration curve. 
 
Figure 5 – Ice, terrestrial and marine proxy records of MIS 3. From the bottom to the top: A - 
Core MD99-2331: a) Pollen percentages of the Atlantic forest, mainly deciduous Quercus and 
Betula, b) Pollen percentages of Calluna, c) Winter and summer SSTs from the analysis of 
foraminifer assemblages. B – Core MD95-2043: a) Pollen percentages of Mediterranean trees 
and shrubs (evergreen Quercus, Olea, Pistacia, Phillyrea and Cistus), b) Pollen percentages 
of the Mediterranean forest (mainly deciduous Quercus plus Mediterranean trees and shrubs), 
c) Uk37’-derived SST [Cacho et al., 1999]. C - Core MD95-2042: a) Pollen percentages of 
Mediterranean trees and shrubs (evergreen Quercus, Olea, Pistacia, Phillyrea and Cistus), b) 
Pollen percentages of the Mediterranean forest (mainly deciduous Quercus plus 
Mediterranean trees and shrubs), c) Pollen percentages of semi-desert plants (Artemisia, 
Chenopodiaceae and Ephedra), d) Pollen percentages of Ericaceae, e) Winter and summer 
SSTs from the analysis of foraminifer assemblages, f) IRD concentrations. D – GRIP ice core: 
 
 a) d-excess curve, b) Deuterium curve. Both proxies are expressed in V-SMOW. Arrows 
indicate the highest SST values in the middle of GIs 8 and 12 in the Iberian margin. 
 
Figure 6 – A. Zooming in on the interval encompassing GI 8 to 5. From the bottom to the top: 
a) Benthic foraminifer δ18O record from core MD95-2042 expressed in VPDB [Shackleton et 
al. 2000] plotted against the age model used in this study, b) Pollen percentage curves of the 
Atlantic forest and Calluna from core MD99-2331, c) Pollen percentages of Mediterranean 
trees and shrubs and Mediterranean forest from core MD95-2043, d) Pollen percentages of 
Mediterranean trees and shrubs Mediterranean forest from core MD95-2042, e) d-excess 
record from GRIP ice core, f) Deuterium record from GRIP ice core. Both ice proxies are 
expressed in V-SMOW. B. Zooming in on the interval encompassing GI 12 to 9. The order of 
the proxy data is the same as in A.  
Grey intervals (a), (b), (c) and (d) represent the four main phases identified within GI 8 and GI 
12. Arrows indicate the low values of moisture-dependent species (Ericaceae and Calluna). 
Red stars indicate the chronological tie-points for constructing the age model of the Iberian 
margin cores.  
 






